Abstract. The prediction of peritoneal recurrence in colorectal cancer patients is required for improvement of prognosis. In this study, we focused on establishing a novel rapid RNA direct amplification system with transcription-reverse transcription concerted reaction (TRC) to detect carcinoembryonic antigen (CEA) mRNA in peritoneal washings, and its usefulness as a prophylactic tool for peritoneal recurrence and survival in patients with colorectal cancer. Peritoneal washes were obtained from 161 patients with colorectal cancer during laparotomy. CEA mRNA and porphobilinogen deaminase (PBGD) mRNA levels of peritoneal washes were detected using the TRC method. Genetic detection in the CEA mRNA of peritoneal washes by TRC showed a significant correlation to the depth of invasion, lymphatic invasion, venous invasion, lymph node metastasis, peritoneal dissemination and stage. The overall survival and peritoneal recurrence-free survival rates of CEA mRNA-positive patients were significantly poorer than those of marker genenegative patients. CEA mRNA levels in peritoneal washes were a significant independent prognostic factor for overall survival and peritoneal recurrence-free survival. In conclusion, our study demonstrated that the detection of CEA mRNA in peritoneal washings by TRC is a useful, rapid genetic diagnosis for the prediction of peritoneal recurrence and survival in patients with colorectal cancer.
Introduction
Colorectal cancer is the second most common solid organ cancer in developed countries with an incidence worldwide of almost a million cases annually (1) . The major prognostic factors of colorectal cancer are metastases to the liver, lymph nodes, and seeding of the peritoneum (2) . It was reported that peritoneal seeding is a component of tumor recurrence in 16-36% of colon cancer patients (3, 4) . The prognosis of advanced colorectal cancer invading the serosa is very poor, even after curative resection. The presence of isolated tumor cells (ITC) which indicate early peritoneal seeding with subsequent peritoneal metastases is an important prognostic factor and may alter the decision regarding adjuvant chemotherapy in colon cancer patients, as well as in gastric cancer patients (5) (6) (7) (8) (9) . The detection of ITC in peritoneal washes by cytology has been applied clinically to assess micrometastasis in the peritoneal cavity (6) (7) (8) ; however, conventional cytology lacks sensitivity and it is known that peritoneal recurrence can occur in cytology-negative patients (9) (10) (11) . Therefore, there is an urgent need for more sensitive methods to detect ITC in the peritoneal cavity.
Accurate inter-operative diagnosis of ITC in the peritoneal cavity is also an important factor for the early application of appropriate adjuvant treatment for peritoneal recurrence. Amplification and detection of molecular markers specific to cancer cells has generally been performed by reverse transcriptase (RT) polymerase chain reaction (PCR) (12) (13) (14) (15) (16) (17) ; however, such procedures are complicated and have multiple steps, including the RT reaction and thermal cycling, and thus take several hours. Therefore, further refinement is required for the clinical application of rapid molecular diagnostic techniques. In this study, we report the application of a novel method of quantitative genetic diagnosis with the transcription reverse transcriptase concerted (TRC) reaction system for the detection of ITC and prediction of cancer recurrence in patients with colorectal cancer (18) . This method amplifies and measures cancer-associated messenger RNA (mRNA) such as carcinoembryonic antigen (CEA) in a single tube at a constant temperature without thermal cycling in three steps: denaturing, annealing, and extension for PCR. The reaction at a single temperature may produce stable results and more accurate quantification. Another advantage of this method is that direct RNA amplification is possible, thereby avoiding the need for RT to convert RNA to complementary DNA (cDNA) before amplification. This advantage should facilitate rapid diagnosis, which could be applied for intra-operative diagnosis of ITC.
In this study, we introduced the TRC system as a new rapid molecular diagnostic system for the detection of peritoneal ITC in patients with cytology-negative colorectal cancer, and assessed the clinical significance of peritoneal ITC detected by the TRC system for prediction of peritoneal recurrence and survival.
Materials and methods
Patients and peritoneal lavage specimens. A total of 161 patients with colorectal cancer were studied between 2000 and 2005. The median follow-up period was 22 months (range, 10-48 months). This study was approved by the institutional review board of our hospital, and all patients provided written informed consent. Peritoneal washes collected from 161 patients with colorectal cancer and 15 patients with benign disease were prepared. At the beginning of each operation, 100 ml saline was introduced into the Douglas cavity, and aspirated after gentle stirring. One half of each peritoneal lavage fluid was used for conventional cytopathology and the other half was used for molecular diagnosis. Cells collected from peritoneal washes by centrifugation were rinsed with phosphate-buffered saline (PBS), dissolved in TRIzol RNA extraction buffer (Invitrogen, Carlsbad, CA) and stored at -80˚C.
TRC reaction. Total cellular RNA was extracted using TRIzol reagent according to the protocol proved by the manufacturer. TRC was measured according to the manufacturer of TRCRtest CEA-m (Tosho Corp.; Kanagawa, Japan). As target gene of colorectal cancer CEA mRNA was selected and porphobilinogen deaminase (PBGD) mRNA was used for housekeeping gene. The synthetic oligonucleotide sequences of a pair of primers, a scissors probe for TRC amplification, and an interaction activating fluorescence (INAF) probe for the detection of CEA mRNA, are as follows: CEA, Promoter primer 5'-AATTCTAATACGACTCACTATAGGGAGAAG CCAGTGGCCACAGCAGGACTA-3', Antisense primer 5'-GTTCACAGGTGAAGGCCACA-3', Scissors probe 5'-CTG GCTG AGTTATTGGCCTGGAG-3', INAF probe 5'-TGCT GGAGATGGAGGGCTTG-3': PBGD, Promoter primer 5'-AATTCTAATACGACTCACTATAGGGAGAACTCC TTGAAGGACCTGCCCACT-3', Antisense primer 5'-GCA GGGTTTCTAGGGTCT-3', Scissors probe 5'-AGGAGTG AACAACCAGGTCCACTT-3', INAF probe 5'-GTGAAG CCAGGAGGAG-3'. In the PCR tube, 20 μl of TRC buffer was added to 5 μl of the RNA extract, followed by the addition of 5 μl of the enzyme mix. The tube containing the mixture was closed and set in a dedicated instrument, the TRC monitor, to measure the fluorescence intensity of the reaction mixture incubated at 44˚C. The TRC buffer contained 90 mM TrisHCl, 165 mM KCl, 26 mM MgCl 2 , 1.5 mM dithiothreitol, 0.38 mM deoxynucleoside triphosphate, 4.5 mM nucleoside triphosphate, 5.4 mM inosine triphosphate, 0.3 U/μl ribonuclease inhibitor, 1.5 μM forward primer, 1.5 μM reverse primer, 0.24 μM scissors probe, 23 nM INAF probe, and 16% dimethyl sulfoxide. The enzyme mixture consisted of 0.72 mg/ml bovine serum albumin, 12% sorbitol, 1.3 U/μl AMV RT (Takara, Kyoto, Japan), and 34 U/μl T7 RNA polymerase (Life Technologies, Gaithersburg, MD). The TRC reaction was monitored using a round incubator block and a rotating fluorescence scanning unit. The temperature of the incubator block was controlled at 44˚C, and 32 thinwalled PCR tubes were installed and set in a circle. They were assembled into one unit to enable synchronous scanning of the fluorescence while the tube was irradiated. The lightemitting diode turns like a beacon to irradiate the excitation light (470 nm) into a tube from the outside. The fluorescence (520 nm) is transferred from the bottom of the tube to a photomultiplier through a light guide. All samples were measured in duplicate. The mRNA in each sample was quantified automatically with reference to the standard curve of the positive control, according to TRC software. The levels of CEA mRNA were normalized by PBGD mRNA, and the ratio of CEA copies to the PBGD copies (CEA/ PBGD) was calculated.
Postoperative surveillance. The follow-up program, consisting of interim history, physical examination, hematology and blood chemistry, was performed every 3 months for the first operative year and every 6 months thereafter. Computed tomography or abdominal ultrasonography were examined every 6 months. Evidence of peritoneal recurrence was diagnosed comprehensively with parameters including paracentesis and autopsy.
Statistical analysis. Overall survival and peritoneal recurrencefree survival were analyzed using the Kaplan-Meier method. Univariate and multivariate analysis were performed using Cox regression analyses. P<0.05 was considered statistically significant.
Results
Expression of CEA mRNA in benign disease patients and colorectal cancer patients. The CEA mRNA values normalized with PBGD mRNA levels (CEA/PBGD) in the peritoneal washings of 15 patients with benign diseases were examined to determine the cut-off levels (Fig. 1) . As cut-off values, we determined 0.08, which is the 95% confidence interval (mean plus 1.96 standard deviation) of benign disease patients. Average of CEA/PBGD levels in each Dukes' stage were 0.29 in Dukes' A, 0.58 in Dukes' B, 1.76 in Dukes' C and 12.12 in Dukes' D. CEA/PBGD levels of colorectal cancer patients were increased according to the progression of tumor stage.
Relationship between CEA mRNA and clinicopathological factors. The relationship between CEA mRNA positive rates in peritoneal washes and the clinicopathological factors were examined (Table I) . A significant relationship was demonstrated between positivity for CEA mRNA and depth of tumor invasion, lymphatic invasion, venous invasion, lymph node metastasis, peritoneal dissemination and stage. These results suggest that the presence of ITC in the peritoneal washings correlated to parameters associated with tumor progression.
Correlation between survival and CEA mRNA. Kaplan-Meier survival curves of cytology-negative patients were examined between CEA mRNA-positive patients and CEA mRNAnegative patients. The overall survival of CEA mRNA-positive patients showed a significantly poorer prognosis than that of CEA mRNA-negative patients (Fig. 2) . Peritoneal recurrencefree survival was analyzed for patients with curative resection. In this analysis, patients who were CEA mRNA-positive showed a significantly poorer prognosis than patients who were CEA mRNA-negative (Fig. 3) . These results suggest Table I . Relationship between CEA mRNA-positive rates of peritoneal washes and clinicopathological factors.
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that CEA mRNA of peritoneal washings by TRC could be a useful prognostic indicator for survival. Tables II and III show univariate and multivariate Cox proportional hazard regression analysis for overall survival and peritoneal recurrence-free survival. In univariate analyses, significant relationships were shown concerning lymph node metastasis, lymphatic invasion, venous invasion and CEA mRNA. Multivariate analyses were then performed for factors that showed significance in univariate analyses, and CEA mRNA showed significance for overall survival and peritoneal recurrence-free survival. These results suggested that CEA mRNA in peritoneal washes possesses an independent prognostic value for overall survival and peritoneal recurrencefree survival.
Univariate and multivariate analysis of prognostic factors.
Discussion
Using the new rapid TRC system, we demonstrated that the detection of CEA mRNA in peritoneal washings of cytology-negative colorectal cancer patients is an independent predictive factor for overall and peritoneal recurrence-free survival.
Micrometastasis, defined as invisible metastasis missed by conventional microscopic examination, is considered to be of great clinical significance in the field of oncology (19, 20) . A significant relationship between the ITC of peritoneal washings and micrometastasis of the peritoneum has been demonstrated (6) (7) (8) . Molecular diagnosis based on PCR is a powerful tool for the detection of ITC of peritoneal washings. Several studies have reported the usefulness of the molecular detection of ITC by real-time RT-PCR as a prognostic factor (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) . In colorectal and gastric patients, many studies have demonstrated that the prognosis of ITC-positive patients in peritoneal washings is significantly poorer than that of ITC-negative patients (14, 15, 19, 21) . Furthermore, it was thought that intraoperative rapid genetic diagnosis of peritoneal washings is important for the early start of adjuvant chemotherapy and improvement of prognosis. Mori et al reported that intraperitoneal chemotherapy could improve the prognosis of gastric cancer patients with RT-PCR-positive in peritoneal Table II . Univariate and multivariate analysis for the prediction of overall survival.
Univariate analysis Multivariate analysis Table III . Univariate and multivariate analysis of prognostic factors in peritoneal recurrence-free survival. However, PCR-based methods have several engineering obstacles that must be overcome before they can be applied in the clinical setting as intra-operative genetic diagnosis. PCR-based detection of cancer-specific genes requires an RT step after RNA extraction. Furthermore, PCR requires more than 35 cycles of 3 steps at different incubation temperatures, which is all time consuming. It is known that real-time RT-PCR by LightCycler format, which use a glass capillary for amplification of transcripts, is the fastest in a real-time RT-PCR system. Several studies have applied this LightCycler format for the genetic detection of micrometastasis in peritoneal lavage fluids and lymph nodes (13) (14) (15) (21) (22) (23) (24) (25) . However, for amplification of the target gene, one-step real-time RT-PCR using the LightCycler format takes ~70 min, while two-step real-time RT-PCR takes ~90 min. In contrast, the TRC method used in this study is a novel rapid RNA direct amplification system (17, 18) . The TRC method is based on amplification of the isothermal RNA sequence in the presence of INAF DNA probe and measurement of the fluorescence intensity of the reaction mixture. The progress of amplicon production can be monitored in real-time by measuring the fluorescence intensity of the reaction mixture. After RNA extraction, the TRC reaction is completed in only 20 min. The rapidity and simplicity of the TRC technique is superior to the RT-PCR format, and intra-operative predictive diagnosis of peritoneal recurrence becomes possible with the TRC system.
With regards to the clinical significance of the molecular diagnosis of ITC in peritoneal washings, most studies of patients with gastric cancer have demonstrated the predictive usefulness of molecular markers. In contrast, molecular detection of ITC in peritoneal washings of colorectal cancer patients has not been studied in great detail. Using real-time RT-PCR by way of the ABI Prism 7700 format, it was reported that the detection of CEA and CK20 mRNA in blood and peritoneal washings has prognostic relevance in patients undergoing curative resection of colorectal cancer (19) . In this study, we used a new rapid TRC system for real-time quantification of CEA mRNA in peritoneal samples of colon cancer patients and examined the relationship between the clinicopathological factors and prognosis. Concerning the relationship between CEA mRNA of peritoneal washes and clinicopathological factors, we demonstrated a significant relationship between the CEA mRNA and depth of tumor invasion, lymphatic invasion, venous invasion, lymph node metastasis, peritoneum dissemination and stage. We then evaluated the prognostic value of CEA mRNA in peritoneal washes and showed that Kaplan-Meier survival curves of overall and peritoneal recurrence-free survival were significantly poorer in CEA mRNA-positive patients than in cases negative for these marker genes. Furthermore, Cox multivariate analysis has shown that CEA mRNA in peritoneal washes was an independent prognostic factor for survival. Guller et al demonstrated that detection of CEA and/or CK20 mRNA of peritoneal washes has potential clinical utility as a prognostic marker in colorectal cancer patients with curative resection (19) . Using the immunobead RT-PCR method, Lloyd et al reported that the molecular detection of ITC in peritoneal fluid is useful as a prognostic factor (20) . To our knowledge, this is the first study to demonstrate the prognostic value of CEA mRNA in peritoneal washes of colon cancer patients using the TRC method.
In conclusion, we demonstrated that CEA mRNA detection with the TRC system is a useful tool for rapid intra-operative molecular diagnosis in screening for patients at high risk for peritoneal recurrence. Patients with CEA mRNA-positive results in peritoneal washes may require complete washing of the peritoneal cavity and adjuvant chemotherapy.
